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pp6Oc-src is required for the induction of a quiescent mesangial
cell phenotype
MARTIN MARX and OLIVER DORSCH
Medizinische Klinik IV mit Poliklinik, Universität Erlangen-Numberg, Erlangen, Germany
pp6Oc-src is required for the induction of a quiescent mesangial cell
phenotype. The tyrosine kinase c-src associates with growth factor recep-
tors, focal contacts and cytoskeletal proteins and is involved in signaling
events. The aim of this study was to investigate the role of src in the
regulation of mesangial cell (MC) proliferation and differentiation in
three-dimensional (3D) culture in collagen gels. Using retroviral gene
transfer we have overexpressed wild-type c-src, a kinase-negative c-src
mutant (c-src295) and transforming v-src in MC. The MC differentiation
in 3D culture was characterized by the formation of a nonproliferating
multicellular network in control cells and in cells expressing wild-type
c-src. Immunohiotting demonstrated a rapid down-regulation of the
a-smooth muscle actin expression. The kinase-negative MC (c-src295)
failed to differentiate, maintained a significant proliferative rate, and the
a-smooth muscle actin expression remained stable during 3D culture. MC
transformed with v-src showed a high level of tyrosine phosphorylation
and proliferation in 3D culture. Analyses of proteins involved in cell cycle
regulation demonstrated dephosphorylation of the retinoblastoma protein
(Rh) during 3D culture in control and c-src transfected cells. Expression of
v-src resulted in sustained Rb phosphorylation. Zymographic analysis of
plasminogen activator (u-PA) revealed an inhibition of u-PA secretion in
MC transfected with c-src295. These results indicate that c-src exerts
regulatory effects on MC proliferation, cytoskeletal organization, matrix
proteases and differentiation. Targeted manipulation of the c-src kinase
may be useful in modulating MC behavior in vivo.
Mesangial cell proliferation and accumulation of extracellular
matrix components is a common response of the renal glomeruli
to immunologic or metabolic injury [1]. This process may progress
into glomerular scarring with the consequence of impaired renal
function and finally, end-stage renal failure. During glomerular
inflammation, dynamic changes in the composition and organiza-
tion of the mesangial matrix occur. The mesangial cells express
the l3 and l3 integrin receptors for extracellular matrix compo-
nents [2, 3] and the changes in matrix composition and organiza-
tion may modulate the mesangial cell phenotype. Our previous
work has demonstrated the induction of a quiescent and differ-
entiated mesangial cell phenotype by the spatial organization of
the extracellular matrix in three-dimensional culture in type I
collagen gels [4]. Similar to the behavior of microvascular endo-
thelial cells [5, 6], the mesangial cells in three-dimensional culture
cease proliferation, down-regulate the PDGF-receptors, secrete
the basement membrane components collagen type IV and type V
and form a multicellular network. The quiescent mesangial cell
phenotype observed in three-dimensional culture partly resembles
the mesangial cell phenotype observed in vivo in healthy glomer-
uli, whereas the proliferative mesangial cell phenotype in conven-
tional two-dimensional culture exhibits some features of mesan-
gial cells observed in vivo in proliferative glomerulonephritis. The
dynamic cell-matrix interactions that take place during the mod-
ulation of the mesangial cell phenotype implicate the involvement
of matrix proteases during this differentiation process. The secre-
tion and activity of matrix protease have been previously shown to
be regulated by agents that induce tyrosine phosphorylation and
activate tyrosine kinases [7—11]. The aim of this study was to prove
the hypothesis that the c-sre kinase may play a role during the
modulation of the mesangial cell phenotype in three-dimensional
(3D) culture. The protein-tyrosine kinase c-src is a member of a
family of signal transduction and adaptor molecules ubiquitously
expressed in mammalian cells and is involved in various signaling
pathways [12]. The tyrosine kinases of the src-family associate
through the src homology 2 (SH2) domains with phosphotyrosine
residues on growth factor receptors and other signaling molecules
and via their src homology 3 (SH3) domains with cytoskeletal
proteins [13, 14]. Previous work has demonstrated the elevation of
a 70 kDa metalloprotease [15] and of the plasminogen activator
gene expression [16] in fibroblasts transformed with the v-src
oncogene and the involvement of the c-sre kinase during the
angiotensin II dependent modulation of plasminogen activator in
aortic endothelial cells [17]. We have therefore chosen to express
catalytically and functionally different src-kinases in mesangial
cells and to investigate the impact of these src-kinases on the
mesangial cell differentiation and proliferation in three-dimen-
sional culture in type I collagen gels. We report here that c-src
kinase activity is required for the induction of a quiescent and
differentiated mesangial cell phenotype. These results are of
clinical relevance and may provide in the short term a rational for
pharmacological interventions aiming at the modulation of mes-
angial cell behavior in vivo, such as the use of angiotensin
converting enzyme inhibitors, which have been shown to induce
c-src kinase activity in vitro [17].
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Cells and antibodies
Rat mesangial cells were obtained and cultured as previously
described [4, 18]. Briefly, the cells were subcultured weekly at a
split ratio of 1:3 by incubation with 0.05% trypsin in 5 mrvt EDTA.
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The cells were maintained in Dulbecco's Modified Eagle's Me-
dium (DME; Biochrom KG, BerJin, Germany) with 10% heat-
inactivated fetal calf serum (FCS; Gibco, Grand Island, NY,
USA) supplemented with 100 U/ml penicillin, 100 .tg/ml strepto-
mycin, 2 ms glutamine, 10 mivi Hepes, 1 ms pyruvate and 5 xg/ml
insulin (all from Sigma Chemical, St. Louis, MO, USA). Cells
between the 10th and 20th passages were used for the experi-
ments. The a-sm actin monoclonal antibody was purchased from
Sigma, the monoclonal phosphotyrosine antibody was from Up-
state Biotechnology (Lake Placid, NY, USA) and the monoclonal
antibody against the retinoblastoma protein was from Santa Cruz
Biotechnology (ICI Chemikalien, Ismaning, Germany). The
monoclonal antibody 327 (Mab 327), which recognizes both v-src
and c-src 5H2 domains, was purchased from Oncogene Science
(Manhasset, NY, USA). The secondary antibody for immunoblot-
ting was a peroxidase conjugated goat anti-mouse serum (Pro-
mega Biotec, Madison, WI, USA).
Transfections and injections
The vectors and constructs were kindly provided by Dr. S.L.
Warren, Yale University. All transfections were performed at
the Department of Pathology, Yale University School of Medi-
cine. Briefly, the c-src eDNA was inserted into a Moloney type
retroviral vector to yield pMesrcziSVneo [19]. Similarly,
pMcsrcM295SVneo was identical except that it contained a
kinase-negative c-src mutant, where lysine at position 295 (ATP
binding-site) was replaced by methionine. This mutation com-
pletely eliminates any src kinase activity [20]. pMvsrcSVneo
encodes transforming v-src [21]. All vectors contain the TnS
aminoglycoside phosphotransferase (Neor) gene under control of
the SV4O early region promoter. The ecotropic packaging cells
ip-2 [22] were transfected with plasmid DNA using 30 jxg/ml
polybrene (Sigma Chemical) and 20% DMSO shock for four
minutes. Transfected t/i-2 cells were selected in 400 xg/ml 0418
(Sigma), ecotropic virus was harvested, filtered through 0.45 jxm
membranes and used to infect p-AM packaging cells [23]. After
selection in 0418, the resulting amphotropic viral stocks were
used to infect mesangial cells, which were selected in G418 (400
xgIml) for three weeks. The resulting cell lines have been
repeatedly shown to be free of helper virus.
Three-dimensional cell culture
For experiments in a 3D environment, gels composed of type I
collagen from calf skin (Fluka Chemie AG, Buchs, Switzerland)
were used with slight modifications as previously described [4, 5].
Briefly, type I collagen was solubilized over night at 4°C in 100 mrvi
acetic acid to achieve a final type I concentration of 5 mg/ml.
Collagen was mixed with 10 )< Earle's salt (10:1) and neutralized
with sterile 1 N NaOH. Immediately, mesangial cells were added
to achieve a concentration of 106 cells/mi collagen. The cell-
collagen mixtures was thoroughly mixed and 0.5 ml poured into 12
mm Millicell HA (Millipore, Bedford, MA, USA) tissue culture
inserts and placed in 24-well cluster tissue culture dishes. The
dishes were incubated for 15 minutes in a 37°C humidified 5%
CO2 incubator to allow polymerization of the collagen gels.
Afterwards, 1.7 ml of culture media were added to each well. The
equilibration time for macromolecules between two medium
compartments separated by the collagen gel was previously deter-
mined to be four hours using horseradish peroxidase type IV as an
enzymatic marker [5]. For morphological examination of 3D
cultures the gels were washed three times with PBS, removed
from the Millicell tissue culture insert and snap frozen in OCT
embedding compound (Miles Scientific Co., Kankakee, IL, USA).
Six micrometer cryostat sections of the gels were placed on
albumin-coated slides, acetone fixed for one minute at —20°C and
air dried. The sections were examined directly by Hofman's
interference or phase-contrast microscopy.
Proliferation assay
The growth curves for the different mesangial cell lines were
determined in regular growth media supplemented with 10% fetal
calf serum. To assess the cell proliferation in 3D culture, the gels
were washed four times with PBS and transferred to 15 ml plastic
tubes (Falcon). Subsequently, the collagen gels were digested with
I mg/mi collagenase type II (Sigma Chemical) in PBS supple-
mented with 1 m'vi CaC12 and 1 mrt MgCI2 at 37°C for 60 minutes.
This procedure yielded intact, viable cells (>95%, as judged by
trypan blue exclusion) that were counted using a Coulter Counter
(Coulter Electronics, Hialeah, FL, USA).
Urokinase type plasminogen activator assay
The cells were grown until subeonfluency in conventional
two-dimensional culture on tissue culture plastic. Subsequently,
the regular growth media was replaced with serum free media for
24 hours. The resulting supernatants were saved for the analysis of
secreted u-PA. For the analysis of the u-PA activity in the culture
supernatants, the amount of conditioned culture media was
normalized to the protein concentration in the corresponding cell
layer. For the determination of the cell layer associated u-PA
activity, the cultures were washed three times with cold PBS,
removed from the dish by means of a rubber policeman and
pelleted for 30 minutes at 15000 rpm. The supernatant was
decanted and the resulting cell pellet was extracted with 100 jxl of
0.05% Triton X-100 in 120 mvt Tris, pH 8.7. The lysate was
pelleted for 30 minutes at 15,000 rpm and the resulting supcrnatcs
were used for the plasminogen assays. After determination of the
protein concentration, 10 xg of the lysate were separated on a
10% SDS-polycrylamide gel under nonreducing conditions at 4°C.
Subsequently, the SDS was washed out of the gel in 2.5% Triton
X-l00 overnight at 4°C. After two final washes with distilled water
the resolving gel was overlayed with the substrate gel consisting of
agar impregnated with 4% nonfat dry milk and 0.2 U/ml plasmin-
ogen (Sigma). The gel sandwich was wrapped, incubated at 37°C
and frequently observed for clearing of the substrate gel. The
photographs for the assessment of u-PA activity were taken using
dark field illumination.
Protein extraction and immunoblot analyses
For protein extraction from two-dimensional cultures, the cells
were chilled on ice and washed three times with cold PBS.
Subsequently the culture flasks were incubated for 30 minutes
with 0.7 ml RIPA lysis buffer (50 mrvi Tris pH 7.2, 150 mrvi NaC1,
1% Triton X-100, 1% sodium deoxyeholate, 0.1% SDS, 1 mrvi
PMSF, 0.2 mivi vanadate). The resulting solution was spun (12000
rpm for 30 mm at 4°C). The protein concentration in each lysate
was determined speetrophotometrically (BCA Protein Assay Re-
agent, Pierce, Rockford, IL, USA). For protein extraction from
3D cultures, the collagen gels were washed with PBS and digested
with collagenase as described for the proliferation assays. The
cells were pelleted and incubated with RIPA lysis buffer as
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described above. The extracted proteins from mesangial cell
lysates were solubilized by boiling in SDS loading buffer and
analyzed by SDS-PAGE under reducing conditions. Subsequently
the proteins were transferred to a 0.45 sm-pore nitrocellulose
membranes (Schlcicher & Schuell, Dassel, Germany) by electro-
phoresis (Polyblot; American Bionuclear, Emeryville, CA, USA).
Molecular weight markers (Pharmacia, Uppsala, Sweden) were
detected by staining with amido black. The nitrocellulose mem-
branes were blocked (PBSI3% BSA with 0.02% NaN3) overnight
at 4°C. The membranes were washed three times in TBS-T (0.05%
Tween 20 in 50 mtvt Tris, 150 msi NaCl, 0.02% NaN3, pH 7.4) and
incubated with the primary antibody diluted in TBS/1 % BSA for
two hours at room temperature with gentle agitation. Thereafter
the nitrocellulose was washed three times with TBS-T and incu-
bated for one hour at room temperature with an horseradish
peroxidase conjugated goat anti-mouse antibody (Promega Bio-
tec, Madison, WI, USA) diluted 1:10,000 in TBS-T. Secondary
antibody bound to the nitrocellulose was detected with enhanced
chemiluniinescence (ECL; Amersham Corp., Arlington Heights,
IL, USA) according to the instructions of the manufacturer and
subsequent exposure to X-OMAT film (Eastman Kodak, Roch-
ester, NY, USA).
Results
c-src kinase activity is required for the formation of a mesangial
cell network in three-dimensional culture
When mesangial cells are subjected to 3D culture conditions in
type I collagen, the cells acquire a differentiated and quiescent
phenotype [4, 24]. This phenotypic change is induced by the
spatial organization of the extracellular matrix and is the result of
a complex interaction between the cells and the matrix. The cells
contract the gels and form a network of nonproliferating, but
metabolically active multicellular structures [4]. Since previous
work by others [8—11] has demonstrated the induction of cell
differentiation in a 3D environment by agents which induce
tyrosine phosphorylation, we have examined the role of the
protein-tyrosine-kinase c-src and of the viral oncogene v-src
during mesangial cell differentiation in 3D culture. The morpho-
logical analysis of the frozen sections of the 3D cultures composed
of collagen gels has demonstrated, that c-src kinase activity is
required for the mesangial cell differentiation and for the induc-
tion of a quiescent phenotype in 3D culture. Only the normal cells
and the cells transfected with wild-type c-src formed a multicel-
lular network within the collagen gel (Fig. 1). On the other hand,
cells overexpressing the c-src kinase-negative mutant (c-src295),
failed to form the differentiated multicellular network. Mesangial
cells transformed with the hyperactive and not regulated v-src
oncogene showed the typical spindly phenotype of transformed
cells. Three-dimensional culture was not able to induce differen-
tiation of the mesangial cells expressing v-src. These data clearly
demonstrate the requirement of c-src kinase activity for the
induction of a quiescent and differentiated mesangial cell pheno-
type. This role cannot be replaced by the hyperactive v-src
tyrosine kinase which is lacking the regulatory domain.
c-src kinase activity modulates urokinase type plasminogen
activator in mesangial cells
Cell differentiation in 3D culture systems depends largely on an
increase in the secretion of matrix proteases. Agents which induce
tyrosine phosphorylation may also increase the secretion of
proteolytic enzymes [7—11]. Therefore we have analyzed the
activity of the 72 kDa collagenase and of urokinase type plasmin-
ogen activator by zymography in the mesangial cell lines express-
ing catalytically different src-kinases. Because protein extraction
from 3D cultures requires the digestion of the collagen matrix
with collagenase, a reliable determination of the activity of cell
associated and secreted matrix proteases could be performed only
in cells cultured in conventional two-dimensional conditions. We
were not able to detect any significant differences in the 72 kDa
collagenase (data not shown). However, the u-PA activity in the
cell layer was greatly diminished in mesangial cells overexpressing
the kinase-negative mutant c-src295 (Fig. 2A). The secreted u-PA
in the culture supernatants was also diminished in the cells
transfected with c-src295 and in the cells transformed with the
v-src oncogene (Fig. 2B). We conclude that the inability to
differentiate in 3D culture observed in the mesangial cells trans-
fected with c-src295 may, at least in part, he due to the inhibition
of u-PA activity in both the cell layers and in the supernatants
observed in these cells.
c-src kinase activity is required for growth inhibition in three-
dimensional culture
We have previously shown that mesangial cells [41 and micro-
vascular endothelial cells [6] do not proliferate in 3D culture.
Since we have observed that expression of functionally different
src-kinases modulates the mesangial cell differentiation in type I
collagen, we were interested in investigating the spontaneous
proliferation of the different cell lines in this culture system. The
mesangial cell lines investigated in this report can be growth
arrested in low serum media supplemented with 0.5% fetal calf
serum, even the cells transformed with the v-src oncogene do not
proliferate independently. For this reason, the proliferation ex-
periments in 3D culture were performed in regular growth media
containing 10% fetal calf serum. The growth behavior of mesan-
gial cells overexpressing wild-type c-src was very similar compared
to non-transfected mesangial cells (Fig. 3). On the other hand, the
cells overexpressing the kinase-negative mutant c-src295 main-
tained a slow but significant proliferative rate (Fig. 3). This
behavior was consistent with the inability of these cells to differ-
entiate in 3D culture. The cells transformed with v-src maintained,
as expected, a high proliferative rate in the collagen gels.
a-Smooth muscle actin expression is rapidly down-regulated during
mesangial cell differentiation in three-dimensional culture
The expression of a-smooth muscle specific actin in mesangial
cells has been considered to be a proliferation marker in human
and experimental forms of mesangioproliferative glomerulone-
phritis [25]. When normal mesangial cells were subjected to 3D
culture conditions, the expression of a-smooth muscle specific
actin was rapidly down-regulated (Fig. 4). A similar rapid down-
regulation was observed in the mesangial cells overexpressing
wild-type c-src. On the other hand, in the cells transfected with the
kinase-negative c-src295, the a-smooth muscle actin expression
remained at a stable level during 3D culture and did not change
compared to two-dimensional culture conditions. These data,
showing a rapid down-regulation of a-smooth muscle specific
actin in 3D culture, further support our notion that this particular
culture system induces a quiescent and differentiated mesangial
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Fig. 1. c-src kinase activity is required for the formation of a mesangial cell network in three-dimensional culture. The cells were cultured for five days in
type I collagen. Frozen sections were examined by Hofman's interference microscopy. Normal mesangial cells and cells expressing wild-type c-src form
a well organized network of multicellular structures. Only clusters of separated cells and no organization were observed, when cells overcxpressing the
c-src kinasc-negative mutant (c-src295) were cultured in 3D-conditions. When dispersed in collagen gels, cells transformed with viral src (v-src) did not
differentiate and no attempt of matrix organization was observed. The original magnification was X 100.
cell phenotype, comparable to the in vivo phenotype in healthy
glomeruli. In addition, the failure to differentiate in 3D culture
which was observed in the mesangial cells transfected with
kinase-negative c-src-295, together with the nonregulated
a-smooth actin expression in these cells, allow the conclusion that
c-src kinase activity is necessary for mesangial cell differentiation
and for the induction of a quiescent mesangial cell phenotype. In
mesangial cells transformed with v-src the actin cytoskeleton was
condensed, no actin filaments were detectable by immunocyto-
chemistry, and consequently no a-smooth actin was detectable by
immunoblotting.
Tyrosine phosphorylation and expression of src-protein in
mesangial cells in three-dimensional culture
In order to elucidate some of the mechanisms that may be
involved in the down-regulation of mesangial cell proliferation in
3D culture and may explain the differences observed between the
mesangial cells expressing catalytically different src-kinases, we
have compared the level of tyrosine phosphorylation in two-
dimensional culture and during the time course of 3D culture in
the different mesangial cell lines. In nonstimulated normal mes-
angial cells a low level of tyrosine phosphorylation was observed
in two-dimensional culture, with a further decrease after the
inception of 3D culture (Fig. 5). In the cells overexpressing
wild-type c-src, a higher level of spontaneous tyrosine phosphor-
ylation was detected in two-dimensional culture conditions and a
remarkable reduction of tyrosine phosphorylation occurred in 3D
culture, with the exception of a 60 kDa band corresponding to the
overexpressed c-src protein that remained tyrosine phosphory-
lated during the time course of 3D culture. The shift in molecular
weight of the c-src protein observed in these cells after eight days
of 3D culture (Fig. 5) was not due to the expression of a different
src-isoform, but to proteolytic degradation of the src-protein
during cell lysis and protein extraction. This artifact was observed
frequently despite of the addition of different proteases inhibitors
to the extraction buffer. In the cells transfeeted with kinase-
negative c-src295 the overexpressed and tyrosine phosphorylated
sre-protein could be clearly detected (Fig. 5). The overall level of
tyrosine phosphorylation in two-dimensional conditions and dur-
ing the time course of 3D culture was similar to the results
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Fig. 3. c-src kinase activity is necessaly for growth inhibition in three-
dimensional culture. A total of 500,000 cells were placed in 0.5 ml type I
collagen and cultured in regular growth media supplemented with 10%
FCS. The cell number was determined after 3, 5 and 8 days of culture.
Normal mesangial cells (•) and cells transfected with wild-type c-src (0)
differentiate and do not proliferate in 3D-culture, whereas the cells
> expressing kinase-negative c-.src295 (•) and the cells transformed with
v-src (0) maintain a significant proliferative rate. The graph shows a
representative result out of three experiments. The data are given as
relative changes compared to the cell number after three days of 3D-
culture. Each data point represent the mean of six dishes, and the sos were
always less than 10%.
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Fig. 2. Urokinase type plasminogen activator (u-PA) in mesangial cells
transfected with catalytically different src-tyrosine kinases. The u-PA in
mesangial cells cultured in two-dimensional conditions was analyzed by
zymography. The protein extraction was performed with 0.05% Triton
X-100 in Tris buffer. 10 jig of cell protein per lane were separated on a
10% SDS-polyacrylamide gel. The gel was overlayed with a substrate gel
impregnated with plasminogen and dry milk and u-PA activity was
assessed using dark field illumination. In mesangial cells overexpressing
kinase negative c-src295 the cell layer associated u-PA activity was greatly
diminished (A). Analysis of the u-PA activity in the cell culture superna-
tants revealed a diminished secretion in the cells overexpressing c-src295
and in mesangial cells transformed with v-src (B).
observed in normal mesangial cells (Fig. 5). Mesangial cells
transformed with the oncogenic, hyperactive and nonregulated
v-src kinase showed a high level of tyrosine phosphorylated
proteins in two-dimensional culture, and only a marginal decrease
of tyrosine phosphorylation was observed during the time course
of 3D culture (Fig. 5). We were preoccupied with the question of
whether 3D culture conditions could modif' the expression of src
in the different cell lines. To investigate the expression pattern of
src during the time course of the experiments performed in 3D
culture, the immunblot shown in Figure 5 was stripped and
reblotted using the monoclonal src antibody (Fig. 6). The c-src
expression was very low in non-transfected mesangial cells and did
not increase during the time course of 3D-culture. In the cells
transfected with c-src, c-src295 and v-src, no significant changes in
src expression were observed during the time course of the
experiments.
Dephosphoiylation of retinoblastoma protein during three-
dimensional culture
The retinoblastoma protein (Rb) is an important regulator of
the cell cycle. Two Rb isoforms exist: an active, phosphorylated
110 kDa form and the nonactive, dephosphorylated 105 kDa
isoform [26—30]. These changes in the molecular weight associ-
ated with the modulation of Rb activity can be detected by a shift
of the Rb band on SDS-polyacrylamide gels. In normal mesangial
cells both Rb isoforms were detected in two-dimensional culture
conditions. During mesangial cell differentiation in 3D culture a
down-regulation of Rb and a shift to the dephosphorylated 105
kDa isoform was detected (Fig. 7). A similar down-regulation of
Rb was observed in the cells overexpressing wild-type c-src, and to
a lesser extent in the cells transfected with kinase-negative
c-src295. No significant changes in Rb expression and phosphor-
ylation were observed in the rapidly growing cells transformed
with v-src.
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Fig. 4. Rapid down-regulation of a-smooth muscle actin expression during
mesangial cell differentiation in three-dimensional culture. Mesangial cells
were cultured in conventional two-dimensional (2D) culture or in three-
dimensional (3D) culture in type I collagen. The protein extraction was
performed with RIPA-buffer from confluent 2D cultures and after 1, 3, 5,
and 8 days of 3D culture. Ten micrograms of protein were loaded on each
lane and separated on 12% SDS-polyacryamide gels. After transfer to
nitrocellulose, immunoblotting was performed using a monoclonal a-sm
actin antibody. The blots were developed with the enhanced chemilumi-
nescence system and exposed to Kodak X-OMAT films. The a-sm actin
expression was rapidly down-regulated during the differentiation of mes-
angial cells in 3D culture. In the cells expressing kinase negative c-src
(c-src 295), which do not differentiate, the a-sm actin expression remained
stable during the time course of 3D culture. Mesangial cells transformed
with v-src do not express a-sm actin in both 2D- and 3D-culture
conditions.
Discussion
Fig. 5. Tyrosine phosphoiylation in mesangial cells in three-dimensional
culture. Proteins were extracted with RIPA-huffer and separated on 10%
SDS-polyacrylamide gels. Immunoblotting was performed with a mono-
clonal anti-phosphotyrosin antibody and the blots developed using the
enhanced chemiluminescence system. In normal mesangial cells in 2D
culture a low level of tyrosine phosphorylation was observed, with a
further decrease during the time course of 3D culture. In the cells
overexpressing wild-type c-src, a higher level of tyrosine phosphorylation
was observed in 2D culture, with a prominent 60 kDa band which
corresponds to the overexpressed and tyrosine phosphorylated src-pro-
tein. In the c-src295 (kinase-negative) overexpressing cultures the prom-
inent tyrosine phosphorylated src-protein can be detected, the low level of
tyrosine phosphorylation with further reduction during 3D culture is
similar to normal mesangial cells. Mesangial cells transformed with the
viral src oncogene (v-src) exhibit a high level of tyrosinc phosphorlyation,
even during 3D culture.
The data presented here are consistent with the notion that the
c-src kinase is an important modulator of mesangial cell behavior
and that c-src kinase activity is required for the induction of a
quiescent and differentiated phenotype. To prove this hypothesis
we chose to overexpress functionally and catalytically different
src-kinases in rat mesangial cells. We used wild-type c-src and a
src kinase negative mutant (c-src295) to compare the behavior of
mesangial cells overexpressing these catalytically different src
kinases. We deliberataly chose not to use cells transfected with the
vector alone as controls. These cells would lack the overexpressed
and biologically active SH2 and SH3 domains [13J, which are
present in the cells transfected with wild-type c-src and c-src295.
Because our study aimed at the investigation of the role of
src-kinase activity rather then the role of SH2 and SH3 domains,
the use of cells transfected with the vector alone as controls would
introduce an additional potential source of bias. The transfection
efficacy and the comparable expression levels of the different
src-kinases in mesangial cells will be reported elsewhere (M. Marx
and S. Zenger, manuscript in preparation). The data presented
here demostrate that the expression levels of the overexpressed
src-kinases do not change during the time course of 3D culture.
Because previous work aiming at the investigation of the role of
the src-kinases frequently employed the transforming oncogene
v-src, we have also expressed v-src in mesangial cells, being aware
of the fact that the hyperactive and non-regulated v-src tyrosine
kinase induce a transformed phenotype that does not allow the
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Fig. 6. Expression of src during the time course of 3D-culture. To exclude
the possibility of modulation of src-expression during the time course of
3D culture, the immunoblot shown in Fig. 5 was stripped and reblotted
with an anti-src antibody. No significant changes in src-protein expression
in the different cell lines were observed during the time course of the
experiments.
investigation of the physiological roles of src. Hence, results
obtained with mesangial cells transformed with the v-src oncogene
should be interpreted with great caution.
Mesangial cells overexpressing the kinase-negative mutant c-
src295 do not differentiate when subjected to 3D culture condi-
tions, whereas the behavior of cells overexpressing wild-type c-src
did not differ from normal mesangial cells. In addition, the cells
overexpressing c-src295 not only did not form the multicellular
network, but they also did not cease proliferation and maintained
a significant proliferative rate. Our recent work in two-dimen-
sional culture conditions further supports the notion that c-src
kinase activity may inhibit mesangial cell proliferation: oxidative
stress, which induced mesangial cell proliferation was associated
with an inhibition of c-src kinase activity [31]. The mechanisms of
the c-src kinase dependent modulation of rnesangial cell behavior
within the 3D matrix are presumably complex. Previous work has
already demonstrated morphoregulatory effects of both v-src and
c-src in kidney epithelial cells (MDCK) and on multicellular
epithelial structures in vitro [19, 21]. The overexpression of the
src-kinase may also modulate the mesangial cell shape and the
95 rc
Fig. 7. Depho.sphoiylation of retinoblastoma protein (Rh) during 3D culture.
Proteins were extracted with RIPA-buffer and separated on 5 to 10%
SDS-polyacrylamide gradient gels. The 110 kDa phosphorylated and 105
kDa dephosphorylated Rb isoforms were detected by immunoblotting. In
normal mesangial cells, in cells overexpressing wild-type c-src, and to a
lesser extent in cells overexpressing kinase negative c-src295 the phos-
phorylated 110 kDa isoform was down-regulated during the time course of
3D culture. In the cells transformed with v-src Rb remained phosphory-
lated during the time course of 3D culture.
reorganization of the actin cytoskeleton in 3D culture. Previous
data have shown that c-src interacts and coprecipitates with actin
in activated platelets [321 and regulates the rearrangement of the
actin cytoskeleton in fibroblasts stimulated with epidermal growth
factor [331. The overexpression of c-src295 may also inhibit
interactions of actin with actin-binding components of focal
contacts such as tensin, which has been shown to contain a SH2
domain [31• Finally, the focal adhesion kinase ppI25FAK [35]
interacts with and is phosphorylated by src protein tyrosine
kinases, and these interactions may be altered in mesangial cells
overexpressing catalytically different src-kinases.
The expression of actin and specifically of cs-smooth muscle
actin has been considered to be a marker of a proliferative and
undifferentiated phenotype in microvascular endothelial cells [36]
and in glomerular mesangial cells [25] in vitro and in vivo. We have
investigated the expression of cs-smooth muscle actin in mesangial
cells in two-dimensional culture and during the time course of 3D
culture. In pilot experiments using immunocytochemistry we
failed to detect actin filaments in normal mesangial cells in 3D
culture. Analysis of the cs-smooth muscle actin expression by
immunoblotting revealed a rapid down-regulation of cs-smooth
muscle actin during the differentiation of normal mesangial cells
and of cells overexpressing wild-type c-src during the time course
of 3D culture. On the other hand, in the cells expressing kinase-
negative c-src295, the cs-smooth muscle actin expression remained
stable and did not change during the time course of 3D culture.
Together with the failure to differentiate in collagen gels and with
the continuous proliferation of the c-src kinase-negative cells in
3D culture, these data confirm our notion that c-src kinase activity
is necessary for mesangial cell differentiation in these particular
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culture conditions. The condensation of actin filaments and
disorganization of the cytoskeleton observed in the mesangial
cells expressing v-src is a typical feature of cells transformed with
the v-src oncogene [37—39]. Consequently, a-smooth muscle actin
was not detectable in both two-dimensional and three-dimen-
sional culture conditions in these cells.
The behavior of cells within a 3D matrix may depend on the
ability to secrete enzymes which degrade extracellular matrix
components. Since tyrosine phosphorylation is a crucial step in the
secretion of matrix proteases [7—11, 40], we have investigated the
72 kDa collagenase and urokinase type plasminogen activator in
the different mesangial cell lines. The importance of the plasmin-
ogen activator/plasmin system during the degradation of the
extracellular matrix in cultured human mesangial cells has been
recently reported [41], and a reduced expression of plasminogen
activators has been found in an experimental model of prolifera-
tive and crescentic glomerulonephritis [42]. In the investigation of
mesangial cells in two-dimensional culture, we have found a
greatly reduced u-PA activity in the lysates and supernatants from
cells expressing the c-src kinase-negative mutant. We speculate
that the reduction of u-PA activity may at least partially explain
the inability of the c-src kinase-negative cclls to differentiate in 3D
culture.
We have previously shown that mesarigial cells and microvas-
cuiar endothclial cells cultured in 3D conditions do not respond to
PDGF due to the down-regulation of PDGF-receptors [4, 6]. To
further elucidate the mechanisms that inhibit the spontaneous
mesangial cell proliferation in collagen gels, we investigated the
tyrosine phosphorylation pattern and the phosphoiylation of the
cell cycle regulating retinoblastoma protein (Rb). The data pre-
sented here indicate that in the rapidly proliferating cells trans-
formed with v-src Rb remained active and phosphorylated,
whereas in normal mesangial cells and in cells transfected with
wild-type c-src Rb was down-regulated and dephosphorylated
during 3D culture. In the cells expressing the c-src kinase-negative
mutant the dephosphorylation of Rb was reduced. However, these
results did not provide sufficient evidence for a comprehensive
elucidation of the different proliferative rates observed in 3D
culture.
In summary, the results presented here support the notion that
c-src kinase activity is required for mesangial cell differentiation in
3D culture and for the induction of a quiescent mesangial
phenotype. These data may partially explain the possible benefi-
cial effects observed with agents such as angioterlsin converting
enzyme inhibitors, which are frequently used in patients with
proliferative glomerular diseases. Specifically, it has been recently
demonstrated that angiotensin converting enzyme inhibitors in-
duce c-src kinase activity in endothelial cells and increase plas-
minogen activator secretion [17]. The increase in plasminogen
activator and the c-src dependent induction of a quiescent mes-
angial cell phenotype reported here may also play a role in vivo,
and these effects may be enhanced by the use of angiotensin
converting enzyme inhibitors. In addition, our data provide fur-
ther evidence that culture of mesangial cells in collagen gels
induces a phenotype similar to the mesangial cells observed in vivo
in healthy glomcruli, and that this culture system is a suitable tool
for the further elucidation of the mechanisms of mesangial cell
behavior.
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